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Delta1-Notch3 Interactions Bias
the Functional Differentiation
of Activated CD4 T Cells
cells responds to Notch signals (Izon et al., 2002b; Jus-
tice and Jan, 2002).
Previous reports have shown that Notch1 signaling is
crucial for several steps of T cell differentiation in the
thymus (Izon et al., 2002a, 2002b; MacDonald et al.,
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Upon antigen stimulation, CD4 T cells differentiateFollowing activation by antigen, naive CD4 T helper
precursor cells execute distinct genetic programs that into distinct functional subtypes (type 1 or type 2 helper
T cells called Th1 and Th2, respectively) that are definedresult in their differentiation toward the type 1 or type
2 helper T cell (Th1 or Th2) phenotype. Although the by their cytokine secretion patterns (Glimcher and Mur-
phy, 2000; Murphy et al., 2000; Paul and Seder, 1994;differentiation and function of these Th subsets has
been well studied, little is known about the contribu- Murphy and Reiner, 2002). Th1 cells produce cytokines
(interferon [IFN]-, tumor-necrosis factor [TNF]-, andtion to these differentiation events of cell surface re-
ceptors other than those for soluble cytokines, such lymphotoxin) that are commonly associated with cell-
mediated immune responses against intracellularas IL-12 or IL-4. Here, we provide direct evidence that
the Delta1 interaction with Notch3 on CD4 T cells pathogens, delayed-type hypersensitivity reactions
(Glimcher and Murphy, 2000; Murphy et al., 2000; Mur-transduces signals, promoting development toward
the Th1 phenotype. The positive role of Notch signaling phy and Reiner, 2002; Paul and Seder, 1994). Th2 cells
produce cytokines (IL-4, IL-10, and IL-13) that are crucialin effector cell differentiation was dose dependent,
with high levels of stimulation resulting in reduced for control of extracellular helminthic infections and pro-
mote atopic and allergic diseases (Glimcher and Mur-T cell activation. Our data revealed a clear contribution
of Notch pathways to Th1 versus Th2 fate decisions, phy, 2000; Murphy et al., 2000; Murphy and Reiner, 2002;
Paul and Seder, 1994). Despite the great progress in thewhile also providing insight into another mechanism
for inhibition of CD4 T cell activation. molecular understanding of these processes, little is
known about the cell surface molecules that regulate
each effector T cell differentiation. The polarization ofIntroduction
helper T cells represents a form of cell fate determination
(Murphy and Reiner, 2002). Thus, we evaluated whetherThe Notch signaling pathway is an evolutionarily highly
conserved mechanism for cell-to-cell communication, Notch molecules, which are general cell fate regulators
(Artavanis-Tsakonas et al., 1999), contribute to theseimportant for many types of cell fate determinations
(Artavanis-Tsakonas et al., 1999). Transmission of the developmental changes of mature CD4 T cells.
signal from the activated Notch receptor in the receiving
cell requires the intracellular protein Suppressor or Hair- Results and Discussion
less (Su[H]; lag-1 in C. elegans; RBP-J in mammals)
and eventually leads to upregulation of the expression Delta1 Affects Helper T Cell Activation Independent
of Enhancer of split genes (E[Spl]; HES [Hairy/Enhancer of Regulatory T Cells
of split] in mammals) (Artavanis-Tsakonas et al., 1999). Delta1 is a Notch ligand expressed on dendritic cells,
In addition to this pathway, a CBF1-dependent NF-B2 the principal antigen-presenting cell involved in CD4
pathway and CBF1-independent pathways have been T cell activation in vivo (Anderson et al., 2001; Artavanis-
reported (Artavanis-Tsakonas et al., 1999). Thus, Notch Tsakonas et al., 1999; Yamaguchi et al., 2002). Clonal
activation could trigger multiple pathways that induce expansion typically accompanies TCR stimulation in the
various cellular responses in Notch-activated cells. presence of adequate costimulation (Germain, 2001) as
Notch signaling can also be modified or regulated by would be typical of antigen recognition on activated
other proteins, such as Fringe, so that only a subset of dendritic cells. Some studies have suggested that cell
division is important in effector cell polarization (Reiner
and Seder, 1999; Murphy and Reiner, 2002). Therefore,*Correspondence: yasutomo@basic.med.tokushima-u.ac.jp
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to determine whether Delta1 had an influence on this by a slight decrease of IL-4-producing cells (Figures 1C
and 1D).aspect of T cell physiology, we first checked a dose-
response analysis of the effect of Delta1-Fc (Shimizu et Next, we examined whether the effect of Delta1-Fc
on Th1 development is dose dependent. The purifiedal., 2000a) as a soluble Notch agonist on CD4 T cell
proliferation triggered by anti-CD3 mAb. The low con- CD4 T cells were stimulated by plate-coated anti-CD3
mAb and different doses of Delta1-Fc for 5 days. Then,centration of Delta1-Fc does not affect proliferation of
CD4 T cells, but high concentrations of Notch ligand IFN- secretion in cells further stimulated by anti-CD3
and CD28 mAbs was evaluated by ELISA (Figure 1E).inhibited TCR-induced cell division (Figure 1A). Human
IgG or Notch2-Fc (Shimizu et al., 2000b) stimulation did The Th1-promoting effect of Delta1-Fc was apparent at
1.0 g/ml of Delta1-Fc, reaching a plateau at 4 g/ml.not affect T cell proliferation (Figure 1A).
The Jagged1, another Notch ligand, has been sug- These findings indicate that the Th1-promoting effect
of Delta1-Fc is dose dependent, although the range ofgested to regulate the T cell response by activating
regulatory T cells (Hoyne et al., 2000, 2001). Also, human the concentration is narrow because a high dose of
Delta1 has inhibitory activity against T cells as shownCD4CD25 regulatory T cells express Notch4 and
Delta1 at higher levels than do conventional T cells (Ng in Figure 1A, which is known to effect helper T cell
development (Reiner and Seder, 1999).et al., 2001). Thus, we examined whether depletion of
CD4CD25 regulatory T cells from total CD4 T cells
cancels the T cell inhibitory effect of Delta1-Fc. Delta1-Fc Stimulation of CD4 T Cells Induces
CD4CD25 cells were purified and then stimulated with IFN- Secretion Even in Undivided Cells
an anti-CD3 mAb in the presence or absence of Delta1- Previous papers have shown that T cell division is
Fc (Figure 1B). CD4CD25 T cell depletion increased closely associated with helper T cell development by
the total CD4 T cell response, as previously reported chromatin remodeling (Fields et al., 2002; Lee et al.,
(Figure 1B) (Shevach, 2002). However, even in the ab- 2002; Mullen et al., 2001; Murphy and Reiner, 2002).
sence of CD4CD25 T cells, high concentrations of Thus, we have examined whether Delta1-Fc T cell stimu-
Delta1-Fc decreased T cell proliferation (Figure 1B), sug- lation induces IFN- secretion that is independent of
gesting that the inhibitory activity of Delta1-Fc does cell division. First, CD4 T cells were labeled by CFSE
not require CD4CD25 regulatory T cells. Preliminary and stimulated by anti-CD3 mAb and Delta1-Fc or anti-
experiments indicate that soluble factors, such as IL- CD3 mAb and human IgG for 3 (Figure 2A) or 5 days
10 and TGF-, are not involved in this inhibition (data (Figure 2B). Then, the IFN- secretion in each divided
not shown). cell was evaluated (Figures 2A and 2B). Most of the CD4
T cells began to secrete IFN- after two cell divisions in
anti-CD3 mAb stimulated cells in either day. In contrast,T Cell Stimulation by Delta1 Promotes Th1
CD4 T cells stimulated by anti-CD3 mAb and Delta1-According to the results shown in Figure 1A, we exam-
Fc secrete IFN-, even in undivided cells (Figures 2Ained whether stimulation of CD4 T cells by Delta1-Fc
and 2B). These results revealed that Delta1-Fc inducesunder the dose (5 g/ml) that does not affect T cell
IFN- secretion at least partly independently of cell divi-proliferation affected helper T cell development. First,
sion. In addition, these findings also neglected the pos-neutral conditions were used to examine the effect of
sibility that the T cell suppressive effect of Delta1-Fc isDelta1-Fc on CD4 T cell polarization. Lymph node
not involved in the skewed helper T cell developmentT cells were stimulated with anti-CD3 mAb plus or minus
at this Delta1-Fc concentration.Delta1-Fc for 5 days and then restimulated with PMA
and ionomycin for 5 hr (for intracellular cytokine staining)
(Figure 1C) or with anti-CD3 and CD28 mAbs for 24 hr Endogenous Delta1 Is Critical for Th1 Development
Next, we examined whether endogenous Delta1 had the(for ELISA) (Figure 1D). Costimulation of TCR activated
T cells with Delta1-Fc substantially increased the frac- same Th1-promoting capacity as the soluble Delta1-
Fc ligand. Because Notch receptor signaling requirestion of recovered cells secreting IFN-, while slightly
decreasing the proportion of IL-4-secreting cells (Figure receptor crosslinking (Shimizu et al., 2002), mutations
were inserted into the Fc portion of the Delta1-Fc, thus1C). This effect on helper T cell polarization was con-
firmed by ELISA testing of the supernatants of cells disabling its ability to bind to Fc receptors (Delta1-mFc).
The presence of this mutant Delta1-Fc protein was ex-cultured in this manner (Figure 1D). The combination of
IL-12 and anti-IL-4 mAb or recombinant IL-4 and anti- pected to compete with endogenous Delta1 for binding
to Notch, preventing the normal function of this moleculeIL-12 mAb efficiently induced Th1 or Th2 development
from antigen-activated naive CD4 T cells in vitro, re- expressed on cultured cells. Since dendritic cells and
macrophage are known to express Delta1 (Yamaguchispectively (Murphy et al., 2000). Given the Th1-biasing
effect of Delta1-Fc under neutral conditions, we next et al., 2002), total spleen cells containing dendritic cells
and macrophages were obtained by treating spleensexamined whether a similar effect was observed in the
presence of these two strongly polarizing culture condi- with collagenase. Total spleen cells were stimulated with
plate-coated anti-CD3 mAb and soluble/plate-coatedtions. Delta1-Fc stimulation further enhanced the num-
ber of IFN--secreting cells and the IFN- staining inten- Delta1-Fc or plate-coated anti-CD3 mAb and soluble/
plate-coated Delta1-mFc for 4 days, and then cytokinesity in each cell under Th1-inducing conditions (Figures
1C and 1D). Even in the Th2-promoting condition, a secretion from live CD4 T cells that were stimulated
for 24 hr with anti-CD3 and anti-CD28 mAb was examindsignificant number of IFN--secreting cells were ob-
served when T cells were also exposed to Delta1-Fc. by ELISA (Figure 3). The stimulation of T cells by both
plate-coated and soluble Delta1-Fc or plate-coatedThis latter increase in Th1 cell number was accompanied
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Figure 1. Delta1-Fc Affect CD4 T Cell Acti-
vation and Differentiation
(A) Purified CD4 T cells from BALB/c mice
were stimulated with plate-coated anti-CD3
mAb (closed diamonds) or anti-CD3 mAb and
various concentrations of Notch2-Fc (open
squares) or Delta1-Fc (closed triangles) for
72 hr. [3H] incorporation during the final 6 hr
of culture was determined.
(B) Purified total CD4 (open bar) or CD4
CD25 cells (shaded bar) were stimulated
with plate-coated anti-CD3 mAb or anti-CD3
mAb and Notch2-Fc (50 g/ml) or Delta1-Fc
(50 g/ml) for 72 hr. [3H] incorporation during
the final 6 hr was determined. Data represent
the mean  SD from triplicate cultures.
(C and D) Purified CD4 T cells were stimu-
lated with plate-coated anti-CD3 mAb and 5
g/ml of human IgG (upper panel in [C],
shaded bar in [D]) or Delta1-Fc (lower panel
in [C], open bar in [D]) for 5 days in medium
alone (neutral), medium containing IL-12 and
anti-IL-4 mAb (Th1-inducing conditions), or
IL-4 and anti-IL-12 mAb (Th2-inducing condi-
tions). The secretion of IFN- and IL-4 from
live CD4 T cells after stimulation with PMA
and ionomycin for 5 hr or with anti-CD3 and
CD28 mAbs for 24 hr was evaluated by flow
cytometry (C) or ELISA (D), respectively. The
numbers in parentheses indicate mean inten-
sity of IFN- in the IFN- cells. Data repre-
sent the mean  SD from triplicate cultures.
(E) The purified CD4 T cells were stimulated
with plate-coated anti-CD3 mAb and different
Delta1-Fc concentrations for 4 days. The se-
cretion of IFN- and IL-4 from live CD4
T cells after stimulation with anti-CD3 and
CD28 mAbs for 24 hr was evaluated by flow
cytometry.
Delta1-mFc can promote Th1 while the soluble Delta1- crosslinking of the target receptors in order to induce
Th1 and Delta1-mFc act as a blocker for endogeneousmFc inhibits the development of Th1, inducing more
IL-4-secreting cells compared with control (Figure 3). Delta1 expressed on spleen cells. Furthermore, those
results indicate that the physiological expression levelThose findings show that Delta1-Fc stimulation requires
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Figure 2. Detal1-Fc Stimulation Induces IFN- Secretion in Low Dividing Cells
The purified CD4 T cells were labeled by CFSE. Then, T cells were stimulated by plate-coated anti-CD3 mAb and human IgG (left panel) or
anti-CD3 mAb and Delta1-Fc (middle panel), or cultured without stimulation (right panel) for 3 (A) or 5 (B) days. The live cells were further
stimulated by PMA and ionomycin for 5 hr, and IFN- secretion was evaluated by flow cytometry. The upper panel shows the dot blot of
IFN- and CFSE, and the lower panel shows the CFSE histogram.
of Delta1 regulates Th1/Th2 development resulting in the independence of these cytokines regarding T-bet
expression.promotion of Th1.
Delta1-Fc Stimulation Upregulates T-bet Expression Overexpression of Notch3 Intracellular Domain in T
Cells Induces Differentiation of IFN- Secreting Th1T-bet is known to be a critical transcriptional factor for
Th1 development (Glimcher, 2001). Thus, we evaluated We next asked which Notch receptors are involved in
the ability of Delta1-Fc to promote Th1 differentiationthe T-bet expression level in purified CD4 T cells stimu-
lated by Delta1-Fc and anti-CD3 mAb using real-time or inhibit T cell proliferation. Notch1 and Notch3 are
expressed on naive CD4 T cells at relatively high levels,PCR. T-bet expression was observed 8 hr after stimula-
tion in the control (Figure 4). In contrast, Delta1-Fc treat- whereas Notch2 and Notch4 protein expression levels
are not detected in CD4 T cells (Y.M. and K.Y., unpub-ment induced T-bet in T cells 5 hr after stimulation, and
the amount 8 hr after stimulation was much larger than lished data). Thus, we first addressed this issue by over-
expressing the intracellular domains of Notch1 orthat of the control (Figure 4). Also, T-bet expression 24
hr after initial stimulation reached a plateau, and the Notch3 using a retrovirus gene transfer system because
the interaction of Notch receptors with their ligands re-expression levels were about 6-fold higher in Delta1-
Fc-treated cells (Figure 4), indicating that Delta1-Fc sults in cleavage of the Notch intracellular domain, lead-
ing to nuclear signals that regulate gene expressionstimulation induced T-bet expression at an earlier time
point. Furthermore, the presence of anti-IL12 and IFN- programs (Anderson et al., 2001; Artavanis-Tsakonas et
al., 1999). The Notch1 or Notch3 intracellular domain (IC)blocking antibodies cannot inhibit the T-bet expression
induced by Delta1-Fc (Figure 4), which demonstrates fused with FLAG tag was introduced into CD4 T cells
Notch and Helper T Cell Development
553
Figure 4. Delta1-Fc Stimulation Upregulates T-bet Expression
Purified total CD4 T cells were stimulated with plate-coated anti-
CD3 mAb and human IgG (closed bar), plate-coated anti-CD3 mAb
and Delta1-Fc (open bar), or anti-CD3 mAb and Delta1-Fc in the
presence of anti-IL-12 and IFN- antibodies (shaded bar) for 0, 5,
8, 12, and 24 hr. Then, mRNA expression of T-bet and GAPDH was
evaluated by real-time PCR. Data represent the mean  SD from
three independent experiments.
sequence and then stimulated by using plate-coated anti-
CD3 mAb and Delta1-Fc. CD4 T cell treatment with
antisense Notch3 DNA reduced the Notch3 protein ex-
pression level compared with the untreated, sense, or
Figure 3. Endogenous Delta1 Has Th1-Promoting Function scrambled oligo-treated cells (Figure 6A). The treated
Total spleen cells were stimulated with plate-coated anti-CD3 mAb CD4 T cells were stimulated using anti-CD3 mAb and
and plate-coated human IgG, Delta1-Fc, or Delta1-mFc, or plate- Delta1-Fc, and Th1 development was evaluated by mea-
coated anti-CD3 mAb and soluble human IgG, Delta1-Fc, or Delta1-
suring IFN- secretion. Only treatment with Notch3 anti-mFc for 4 days, and the secretion of IFN- and IL-4 from live CD4
sense DNA resulted in substantial inhibition of the Th1T cells after stimulation with anti-CD3 and CD28 mAbs for 24 hr
development in the presence of Delta1-Fc (Figure 6B).was evaluated by ELISA. Data represent the mean  SD from tripli-
cate cultures. The treatment of T cells with Notch3 antisense DNA did
not affect the expression of other Notch receptors (data
not shown). Nevertheless, we cannot completely rule
stimulated with anti-CD3 mAb using an IRES-GFP vector out the possibility that Notch3 antisense DNA downreg-
(PKE004) encoding GFP. Then, sorted CD4GFP cells ulated both expression of Notch3 and other unidentified
were stimulated by anti-CD3 and CD28 mAbs, and IFN- receptors critical for Th1 development. We think, how-
and IL-4 production was evaluated by ELISA. The sorted ever, that the concordant results obtained from the ret-
GFP-positive cells transduced with Notch1 or Notch3 roviral transduction and antisense experiments strongly
intracellular domains expressed similar levels of FLAG suggest that Notch3 was the relevant member of this
evalulated by Western blot (Figure 5A), indicating that receptor family involved in the Delta1-Fc effect on Th1
each domain is expressed at similar levels in T cells and development. In addition, one might argue that the stim-
Notch3-IC overexpression increased the secretion of ulation of T cells by Delta1-Fc modulates the expression
IFN- (Figures 5A and 5B). An increase of IFN- from of other Notch ligands on T cells and those ligands
Notch3-infected T cells was observed accompanied by interact with Notch3. We think it unlikely because the
a decrease in IL-4 secretion (Figure 5B). In contrast, expression of known Notch ligands (Jagged1, 2, Delta1,
comparable overexpression of control vector or Notch1- 3, 4) is the same in T cells stimulated by anti-CD3 mAb/
IC did not affect IFN- and IL-4 secretion compared with Delta1-Fc and anti-CD3 mAb/control IgG (data not
control (Figure 5B). shown) although we cannot completely rule out the pos-
sibility if Delta1-Fc treatment modulates the unidentified
molecules that interact with Notch3, which regulatesDelta1 and Notch3 Interaction Promotes
Th1 Development Th1.
We next tried to inhibit Notch3 expression with anti-
sense-DNA using the Penetratin system that has been Stimulation of Notch Receptor(s) by Delta1 Regulates
Murine Leishmania major Infectionused to introduce DNA into cells (Yamashita et al., 2000).
Purified CD4 T cells were transduced with DNA corre- Finally, to test whether Delta1 regulates the Th1 re-
sponse in vivo, BALB/c mice infected with Leishmaniasponding to the Notch3 sense, antisense, or a scrambled
Immunity
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Figure 5. Notch3-IC Overexpression Pro-
motes Th1 Development
Lymph node T cells from BALB/c mice were
stimulated with plate-coated anti-CD3 mAb
for 24 hr and infected using bicistronic retro-
viruses encoding GFP and either no addi-
tional protein, Notch1-IC, or Notch3-IC. Five
days after the initial T cell stimulation,
CD4GFP T cells were sorted, and the ex-
pression of FLAG and TCR	 was evaluated
by Western blot (A), or the secretion of IFN-
and IL-4 from CD4GFP T cells was evalu-
ated by ELISA after stimulating cells with anti-
CD3 and CD28 mAbs for 24 hr (B). ELISA
data represent the mean  SD from triplicate
cultures. The relative CD4 T cell number of
Notch1 IC or Notch3 transduced group 5 days
after initial stimulation was 1.1  0.1 or 1.0 
0.1, respectively, compared with cell number
of control vector transduced group. These
results are representative results from at least
three experiments.
major (L. major) were treated with Delta1-Fc or Delta1- secreted IL-4 accompanied by low levels of IFN-, while
L. major-infected C57BL/6 mice secreted IFN- rathermFc. BALB/c mice cannot eradicate these parasites be-
cause they develop a predominant Th2 response upon than IL-4 (Figure 7C). However, T cells from Delta1-
Fc-treated BALB/c mice showed decreased IL-4 andinfection, resulting in unconstrained parasite growth and
extensive footpad swelling (Maekawa et al., 1998; Reiner increased IFN- secretion, consistent with the idea that
Delta1-Fc treatment was promoting Th1 differentiationand Locksley, 1995; Reiner et al., 1993). The purified
Delta1-Fc or Delta1-mFc was injected in BALB/c mice under these conditions (Figure 7C). In contrast, the CD4
T cells from Delta1-mFc-treated BALB/c mice secretedbefore and after L. major infection and footpad swelling
was examined. This dose of Delta1-Fc does not affect more IL-4 than the T cells from controls (Figure 7C).
T cells from Delta1-mFc-treated C57BL/6 mice showedCD4 T cell proliferation in vivo (see Supplemental Fig-
ure S1 at http://www.immunity.com/cgi/content/full/19/ decreased IFN- and increased IL-4 secretion, showing
that Delta1-mFc treatment inhibits Th1 differentiation4/549/DC1). The BALB/c mice footpads infected with L.
major gradually thickened, as previously reported (Fig- under these conditions (Figure 7C).
Taken together, these data revealed that the Delta1-ure 7A) (Maekawa et al., 1998). The injection of Delta1-
Fc reduced the footpad thickness, while Delta-mFc Notch3 ligand-receptor pair plays a significant and pre-
viously unappreciated role in controlling the effectortreatment increased this swelling, compared with con-
trol animals (Figure 7A). In contrast to BALB/c mice, phenotype of activated CD4 T cells. Most previous
reports examining the parameters that regulate Th1 de-C57BL/6 mice can eradicate L. major by skewed Th1
development (Maekawa et al., 1998; Reiner and Lock- velopment have focused on either TCR signaling
strength (Constant et al., 1995; Hosken et al., 1995) orsley, 1995; Reiner et al., 1993). Thus, we examined
whether Delta1-mFc injection changed the C57BL/6 cytokines, such as IL-12 or IFN- (Glimcher and Murphy,
2000; Reiner, 2001). Our experiments demonstrated thatmice susceptibility against L. major infection. As pre-
viously reported (Maekawa et al., 1998; Reiner and Lock- Th1 development could be augmented by Delta1 even
when IL-12 was neutralized, suggesting the existencesley, 1995; Reiner et al., 1993), the C57BL/6 mice foot-
pads infected with L. major swelled slightly (Figure 7B). of several independent receptor-ligand interactions that
are able to promote the differentiation of naive T cellsIn contrast, Delta1-mFc injection in C57BL/6 mice in-
fected with L. major led to increased footpad swelling along the Th1 pathway. Regarding the issue of whether
these pathways converge in a common signaling path-(Figure 7B). Next, in order to check whether the suscepti-
bility of mice against the infection is dependent on the way within the cell, we found that Delta1-Fc stimulation
of CD4 T cells augmented T-bet expression which isskewing of helper T cell development, the T cells from
the popliteal lymph node of infected mice were stimu- a critical regulator for Th1 development (Glimcher, 2001)
and that this inducion of T-bet was independent of IL-lated with L. major antigens in vitro, and the IL-4 and
IFN- secretion levels were examined by ELISA. The 12 and IFN-. Since these results suggest that T-bet
is one of the Notch3 targets, studies are currently inCD4T cells from control L. major-infected BALB/c mice
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Takemoto et al., 2000). However, we found that Delta1-
Fc stimulation induced IFN- secretion, even in undi-
vided CD4 T cells. This finding suggested that IFN-
secretion from CD4 T cells does not require cell division
when T cells are stimulated by Delta1. The following
two possibilities may explain this result. First, Delta1-
Fc T cell stimulation has an ability to open the chromatin,
which is critical for Th1 development, independently of
cell division. Second, all or some undivided CD4 T cells
secrete low levels of IFN- by the stimulation of anti-
CD3 mAb in the absence of Delta1-Fc, which are not
detected by intracellular staining using flow cytometry.
This low level of IFN- secretion might be augmented
by Delta1-Fc stimulation.
The injection of Delta1-Fc in L. major-infected BALB/c
mice changes the susceptibility of the infection by pro-
moting Th1 development and eventually helps to eradi-
cate the parasites. Nonetheless, BALB/c mice generally
cannot clear the parasites by skewed Th2 differentiation
(Maekawa et al., 1998; Reiner and Locksley, 1995). In
addition, the injection of Delta1-mFc, which would work
as a blocker of the Delta1 pathway, inhibits Th1 develop-
ment in BALB/c mice as well as C57BL/6 mice. Those
findings revealed that Delta1 stimulation of cells regu-
lates Th1 development in vivo, although we have not
detected whether the target receptor of Delta1 is Notch3
expressed on T cells or whether Delta1-Fc directly inter-
Figure 6. The Interaction of Delta1 with Notch3 Promotes Th1 De- acts with T cells in this mouse model because Notch3-
velopment
deficient mice are currently unavailable. The establish-
CD4 T cells were treated with Penetratin coupled with a Notch3 ment and use of such mice would help clarify this issue.
sense, antisense, or scrambled oligonucleotide sequence.
In addition, one might argue that T cell inhibitory activity(A) Notch3 and TCR	 expression in CD4 T cells treated with Notch3
of Delta1-Fc at high concentrations affected the skewingantisense, sense oligonucleotide, or scrambled oligonucleotide was
of helper T cell development in the L. major infectionexamined by Western blotting.
(B) The CD4 T cells treated with the Penetratin coupled oligonucle- model as several previous papers have shown that the
otides were stimulated with anti-CD3 mAb alone (shaded bar) or with strength or duration of TCR signaling affects helper T cell
anti-CD3 mAb and Delta1-Fc (open bar) for 4 days. The secretion of development (Reiner and Seder, 1999; Iezzi et al., 1998).
IFN- from cells stimulated with anti-CD3 and anti-CD28 mAbs for
However, we think it unlikely because we have not ob-an additional 24 hr was evaluated by ELISA. Data represent the
served the inhibition of homeostatic CD4 T cell divisionmean  SD from triplicate cultures.
after transferring cells into lymphopenic mice treated
with Delta1-Fc.
progress to test this possibility. Future experiments are The glycosylation status of Notch receptors is consid-
needed to clarify the precise signaling crosstalk in each ered to play an important role in the determination of
pathway that regulates Th1 development. The delinea- their ligand binding abilities (Justice and Jan, 2002).
tion of the specific signaling mechanisms involved in This suggests that the T cell glycosylation status, which
each receptor-initiated pathway would be helpful in varies with their state of maturation or activation, might
identifying targets for therapies for diseases involving also determine their ability to bind Notch ligands. Thus,
excess or inappropriate Th1 activity. In addition, various in addition to determining which cells express Delta1
molecules or cytokines that are associated with helper and contribute to Notch3 signaling for Th1 development,
T cell development have been reported (Glimcher, 2001; it will also be important to analyze the Notch3 glycosyla-
Murphy and Reiner, 2002). Regarding the physiological tion status on T cells in various states of differentiation
role of Delta1-Notch3 pathway in Th1 development, the to determine when Notch3 signaling may be critical.
Delta1-Notch3 pathway may regulate Th1 development A final important finding of the present study is that
during the very early period after initial T cell stimulation a high dose of Delta1-Fc treatment inhibited CD4 T cell
compared with cytokines because Delta1 or Notch3 is activation independently of CD25 regulatory T cells,
expressed on antigen-presenting cells or mature T cells although the target receptor(s) that mediate this inhibi-
without any stimulation, respectively (data not shown). tory signaling have not yet been identified. On the basis
This initial signaling through Notch3 might determine of antisense experiments, neither Notch1 nor Notch3
the lineage choice toward Th1 from naive T cells, of appears individually critical for this inhibitory activity of
which lineage phenotypes may be subsequently fixed Delta1 (data not shown). The expression level of Notch2
by cytokines including INF- or IL-12. or Notch4 is low in CD4 T cells, and overexpression of
Previous papers have shown that cell division associ- Notch2-IC or Notch4-IC does not inhibit T cell prolifera-
ated with chromatin remodeling is critical for helper tion induced by anti-CD3 mAb (Y.M. and K.Y., unpub-
T cell development (Murphy and Reiner, 2002; Mullen lished data). Because multiple Notch family members
are expressed by T cells, and both they and their putativeet al., 2001; Agarwal and Rao, 1998; Lee et al., 2002;
Immunity
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Figure 7. Delta1 Promotes Th1 Development in a Murine Leishmania major Infection Model
(A) BALB/c mice were infected with L. major in the footpads. Footpad swelling was evaluated several days after infection. Human IgG (open
squares), Delta1-Fc (closed triangles), or Delta1-mFc (closed diamonds) was injected into the infected mice according to the schedule described
in the Experimental Procedures. Five animals per group were used. Data represent the mean  SD.
(B) C57BL/6 mice were infected with L. major in the footpads. Footpad swelling was evaluated several days after infection. Human IgG (closed
triangles) or Delta1-mFc (open squares) was injected into the infected mice according to the schedule described in the Experimental Procedures.
Five animals per group were used. Data represent the mean  SD.
(C) CD4 T cells from BALB/c mice infected with L. major and treated with human IgG, Delta1-Fc, or Delta1-mFc were purified from popliteal
lymph nodes 6 weeks after infection, and secretion of IL-4 and IFN- was evaluated by ELISA. Data represent the mean  SD from tripli-
cate cultures.
(D) CD4 T cells from C57BL/6 mice infected with L. major and treated with human IgG or Delta1-mFc were purified from popliteal lymph
nodes 6 weeks after infection, and secretion of IL-4 and IFN- was evaluated by ELISA. Data represent the mean  SD from triplicate cultures.
ligands show complex patterns of regulation and func- Considering the induction of regulatory T cells by Jag-
ged1 as previously proposed (Hoyne et al., 2000, 2001)tional interactions, more than one Notch receptor may
be capable of interfering with T cell proliferation at high and regulation of Th1 by Delta1 in the present studies,
Notch molecules play a crucial role in the peripheralDelta1-Fc levels or an unidentified Delta1 receptor might
be involved. As another possibility, unidentified low- T cells activation and differentiation. Although we have
not known so far how two Notch ligands regulate differ-affinity receptors against Delta1 may be present. High
concentrations of Delta1 can ligate such low-affinity re- ent T cell functions, we think that those different func-
tions are attributable to the kind of Notch receptors thatceptors that usually transduce an inhibitory signal into
CD4 T cells. Previous papers have suggested that bind with Notch ligands because Delta1 and Jagged1
can bind with Notch3 at almost similar affinity in vitroNotch signaling regulates the development of regulatory
T cells (Hoyne et al., 2000, 2001; Ng et al., 2001), but (Y.M. and K.Y., unpublished data). Those specific inter-
actions of Notch ligands and receptors on T cells maythe inhibitory effect using Delta1-Fc does not require
CD4CD25 regulatory T cells. The CD4CD25 cells be regulated by the expression pattern of Notch ligands
on antigen-presenting cells that encounter maturecan differentiate into regulatory T cells in a specific con-
dition (Wood and Sakaguchi, 2003). Thus, we cannot T cells. In any case, the clarification of physiological
specific regulation of Delta1 and Jagged1 in maturecompletely deny the possibility that molecules inter-
acting with Delta1 generate regulatory T cells originated T cell activation/differentiation in vivo would be a fu-
ture study.from CD25 population and suppress T cell responses
although TGF- and IL-10 that are the major cytokines Taken together, our data show a regulatory system
of CD4 T cell activation/differentiation using Notch-suppressing T cell responses were not involved in the
suppressive function of Delta1-Fc (data not shown). Notch ligand interactions. The identification of a regula-
Notch and Helper T Cell Development
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Real-Time PCRtory system of CD4 T cells should shed new light on
Total CD4T cells were stimulated with plate-bound anti-CD3 (2C11)molecular and cellular mechanisms of helper T cell dif-
(1g/ml) and plate-bound Delta1-Fc or human IgG for several hours.ferentiation and activation.
In some experiments, anti-IFN- (20 g/ml) and IL-12 mAbs (20
g/ml) (BD Biosciences) were added to the culture. Total RNA was
extracted from CD4 T cells by Trizol (GIBCO BRL). Reverse tran-Experimental Procedures
scription was done using Superscript II (GIBCO BRL). The real-time
PCR was performed to quantitate the expression of T-bet. For theMice
quantitative real-time PCR analysis of T-bet mRNA and GAPDHBALB/c and C57BL/6 mice were obtained from the Japan SLC (Ha-
levels, a Light Cycler System and reagents (Roche Molecular Diag-mamatsu, Japan). All mice were bred and maintained in accordance
nostics) were used with a dsDNA binding dye, SYBR Green 1, andwith established guidelines at the University of Tokushima.
specific primers of T-bet (Bajenoff et al., 2002) and GAPDH
(5
-GCCATCAATGACCCCTTCATTGAC-3
 and 5
-ACGGAAGGCCA
Flow Cytometry TGCCAGTGAGCTT-3
), according to the procedure provided by the
For intracellular cytokine staining, CD4 was stained with APC or manufacturer. The ratio of T-bet/GAPDH amplimers was calculated
cychrome-conjugated anti-CD4 mAb. After washing with PBS, cells based on PCR results using the Light Cycler System and SYBR
were fixed with PBS containing 4% paraformaldehyde for 5 min at Green 1 dye.
37C. After two additional washes with PBS containing 0.1% sapo-
nin, cells were stained with FITC or APC-conjugated anti-IFN- and
Introduction of Antisense DNAPE-conjugated anti-IL-4 mAbs. All antibodies were purchased from
Antisense DNA (CCCCGGGCCCCCAGCCCCATGGCGG), senseBD Biosciences (San Diego, CA). Flow cytometry was performed
DNA (CCGCCATGGGGCTGGGGGCCCGGGG), or an oligonucleo-on a FACSCalibur (Becton Dickinson, Mountain View, CA). List-
tide containing the scrambled sequence (CGCACGGCCCGTGGCCmode data files were analyzed using Cell Quest software (Becton
GACGCCCGC) of Notch3 was coupled to polypeptides that wereDickinson).
16 amino acids in length. The 16 residue stretch corresponded to
the third helix of the homeodomain of antennapedia (Penetratin;
CD4 T Cell Stimulation Appligene) (Yamashita et al., 2000) that results in plasma membrane
CD4 lymph node cells (1  106) from BALB/c mice were purified penetration of the peptide and attached macromolecules in assays
by incubation of total lymph node cells with anti-B220, CD23, CD11b, carried out according to the manufacturer’s protocol. Each oligonu-
and CD8 mAbs, followed by depletion of cells by anti-rat IgG coated cleotide-peptide complex was added to a final concentration of 1
Dynabeads (Dynal Inc., Oslo, Norway). CD4CD25 cells were ob- M to the in vitro T cell stimulation culture system. The detergent
tained by further depletion of CD25 T cells by anti-CD25 mAb, lysate of CD4 T cells treated by antisense Notch3 DNA coupled
followed by the addition of anti-rat IgG-coated Dynabeads. In some with Penetratin for 20 hr was separated by SDS-PAGE. Notch3 and
experiments, T cells were labeled by 5-(and 6-) carboxyfluorescein TCR	 expression was then evaluated by Western blotting with a
diacetate succinamidyl ester (CFSE) (Molecular Probe) as described rabbit anti-Notch3 and TCR	 polyclonal antibody (Santa Cruz Bio-
previously (Dorfman et al., 2000). For the proliferation assay, total technology).
CD4 T cells or CD4CD25 cells were stimulated with plate-bound
anti-CD3 (2C11) (1 g/ml) and/or with various concentrations of
plate-bound Delta1-Fc (Shimizu et al., 2000a), Notch2-Fc (Shimizu Leishmania major Infection
et al., 1999), or human IgG for 3 days at 37C. The Delta1-Fc, Notch2, Mice were infected with L. major parasites as previously described
and human IgG were each coated after anti-CD3 mAb binding. The (Maekawa et al., 1998). In brief, mice were infected in the hind
Delta1-Fc has an ability to upregulate HES-1, which is known to be footpad with 2  106 metacyclic parasites. Delta1-Fc (Shimizu et
upregulated by Notch signaling (Jarriault et al., 1995) with costim- al., 1999) or Delta1-mFc were intraperitoneally injected at a dose of
ulation with anti-CD3 mAb (see Supplemental Figure S2 at http:// 50 g 3 days before infection and then once every 3 days during
www.immunity.com/cgi/content/full/19/4/549/DC1) but not to up- the first 3 weeks after the initial infection. Lesion size was monitored
regulate Deltex (data not shown). For the proliferation assay, [3H] weekly using a dial caliper and was expressed as the size difference
incorporation during the final 6 hr of 3 days of culture was quanti- between the infected and uninfected contralateral footpads. For the
tated using liquid scintillation. For cytokine assay, total CD4 T cells proliferation assay, CD4 T cells from the popliteal lymph node
from lymph node were stimulated with plate-bound anti-CD3 (2C11) draining the footpad lesions were cultured with soluble Leishmania
(1 g/ml) and/or with plate-bound Delta1-Fc (5 g/ml or several antigen (20g/ml) for 72 hr. IFN- and IL-4 production was measured
concentrations) (Shimizu et al., 2000a), Notch2-Fc (5g/ml) (Shimizu in the supernatants using ELISA EM-IFNG and EM-IL4 kits (Endogen,
et al., 1999), or human IgG (5 g/ml) for 5 days at 37C. For some Cambridge, MA).
experiments of cytokine assay, recombinant IL-4 (30 ng/ml) (R&D
Systems) and anti-IL-12 mAb (10 g/ml) or IL-12 (10 ng/ml) (R&D
Systems) and anti-IL-4 mAb (10 g/ml) were added during the cul- Retroviral Constructs and Retroviral Transfection
An IRES-GFP cassette was introduced into the retroviral vector pFBture. Then viable CD4 cells after 5 days of culture were stimulated
with plate-bound anti-CD3 (5 g/ml) and CD28 (10 g/ml) mAbs for (Stratagene, La Jolla, CA) to produce the KE004 bicistronic vector
(this unpublished vector was a kind gift from Drs. K. Eichelberg and24 hr for ELISA assay. IL-4 and IFN- in the supernatant were ana-
lyzed using ELISA EM-IFNG and EM-IL4 kits (Endogen, Cambridge, RN Germain, LI, NIAID, NIH). The mouse Notch1 (1753–2531) or
Notch3 (1663–2338) intracellular domain obtained from Dr. NyleMA). For intracellular staining, viable CD4 cells after 5 days of
stimulation were stimulated with PMA and ionomycin for 5 hr in the (Pharmacia Corp.) or Dr. Lendahl (Karolinska Institute, Sweden)
fused with FLAG tag, respectively, was cloned into the KE004 vector.presence of monensin (2 M), and intracellular cytokine patterns
were then analyzed by flow cytometry. In some experiments, colla- The PLAT-E packaging cell line (Morita et al., 2000) (gift from Dr. T.
Kitamura, Tokyo) was transfected with KE004 or derivative vectorgenase-treated total spleen cells containing dendritic cells (Yasu-
tomo et al., 2000) from BALB/c mice were stimulated for 4 days DNA by using Fugene 6 (Roche, Indianapolis, IN). Lymph node cells
or purified CD4 T cells from BALB/c mice stimulated with anti-with plate-coated anti-CD3 mAb (1 g/ml) and Delta1-Fc (5 g/ml),
plate-coated anti-CD3 mAb (1 g/ml) in the absence or presence CD3 mAb for 24 hr were infected using an equal volume of viral
supernatant; then polybrene (8 g/ml) (Sigma, St. Louis, MO) wasof soluble Delta1-Fc (5 g/ml) or Delta1-mFc (5 g/ml) containing
mutations in the CH2 domain (L234A, L235E, G237A, and P331S) added. The mixture was spun at 2500 rpm for 90 min at room temper-
ature and then incubated in the presence of 20 U/ml of mouse IL-2of the Fc region (Ettinger et al., 1996), or plate-coated anti-CD3 mAb
(1 g/ml) and Delta1-mFc (5 g/ml). Then viable CD4 cells were for 72 hr. The infection rate was usually 30%–50% of the total CD4
T cells. The expression of FLAG and TCR	 in cell lysates of sortedstimulated with plate-bound anti-CD3 (5 g/ml) and CD28 (10 g/
ml) mAbs for 24 hr for ELISA assay. All antibodies were purchased GFP cells was evaluated by Western blot using anti-FLAG (Sigma,
MO) and TCR	 (Santa Cruz) antibodies.from BD Biosciences (San Diego, CA).
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